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ULTRASONIC TESTING OF ADHESIVE BONDS OF THICK COMPOSITES WITH APPLICATIONS TO WIND TURBINE BLADES

INTRODUCTION
A typical wind turbine blade is manufactured as two halves and bonded together using high performance adhesive. When the two halves are joined, a shear web is placed in between two spar caps to create what is essentially an I-beam configuration along the entire span of the blade. This is done in order to provide required bending stiffness to the blade. As such, bond-lines extend along the trailing edge, leading edge, and the shear web/spar cap joints. The shear web and spar cap joints are widely considered to be the most vital joints in the structure of wind turbine blades. The inspection of such a joint for lack of adhesive, or thickness of adhesive, becomes very important, since a failure in one of these structures could result in loss of blade bending stiffness and potentially break the blade into two halves. Hence, the study of bond integrity in these joints becomes vital. Another challenging aspect of inspection is bond thickness variation. Uneven adhesive distribution will result in a poor joint between the structures. Hence, measuring the thickness of the bond becomes important.
The use of nondestructive evaluation to test and evaluate bonded joints is very common. A common NDE technique used in factory is contact ultrasonics. Most of the previous work has been performed in the area of thin laminates or thin composites, and in conventional materials such as steel and aluminum [1] [2] . There are two methods which have been proven in theory to work well in bond thickness and strength measurement, which are Lamb wave based approach, and pulse echo using bulk waves [3] [4] [5] . Lamb waves and Rayleigh waves have been shown to work effectively to measure bond thickness in both bonded composite and metal plates. This practice is limited to laboratory measurements and is difficult to implement on shop floor. On the other hand, the use of pulse echo technique is the simplest for both evaluation of bond strength or integrity, and bond thickness measurements. Additionally the technique is field implementable. Velocity measurements and scattering of ultrasonic signals reveal the strength of the bond, while, the time of flight data reveals the thickness of the bond. The same concept has been extended to thick composite spar caps of thickness greater than 30 mm. Although the concept can be extended, testing thick bonded composites becomes challenging due to attenuation and damping characteristics of composites. The objective of this research is to find an optimum frequency for inspection of bonded joints in wind turbine blades. Measurement of bond thickness to determine bond thickness variation is focused in this paper. To facilitate this, a scanning method using contact transducers was devised and tested. Furthermore the same method can be extended to perform C -Scans on the bonded joint sections to determine defects such as lack of adhesive, voids in adhesive, bond thickness variation.
METHOD AND THEORY
Optimization of frequency was the first step in the methodology. Contact transducers of frequency range from 100 KHz to 2.25 MHz were used to optimize the ultrasonic signal. At 500 KHz, a strong signal with less attenuation was observed in the spar cap sections. A schematic of the spar cap/shear web bond is shown in Figure (1) .
Pulse echo mode of measurement was used to inspect this joint. By impinging the surface with an ultrasonic wave, stress waves are created in the structure which travels through the thickness of the structure. A portion of these waves gets reflected at the interface and the reflected signal returns as the echo for the initial pulse (shown as A in Fig. (2) ). The other portion gets transmitted through the bond-line, and gets reflected at the end of the shear web. This is obtained as the second signal in time domain (shown as B in Fig. (2) ). By measuring the difference in the time of arrival between the two signals we can obtain the time of flight (TOF) in the adhesive region. Knowing the speed of sound in adhesive, we can determine the thickness using TOF. This method has been consistently used for bond-line measurement, but using it for thick composite plates, (spar cap sections of more than 30 mm) is the challenge.
Figure (3) shows the time domain signal form the adhesive and spar cap interfaces as explained in Figure ( 2). The peak to peak difference in time was measured to give the difference in TOF. The velocity of sound in adhesive was measured by using accurately machined cubes of adhesive and repeating pulse echo measurements to obtain the TOF. 
SAMPLE PREPARATION & EXPERIMENTAL SETUP
A set of standardized samples were created to facilitate experiments. In a typical wind turbine blade, the laminate thickness varies from 1.4 mm to 45.5 mm along the length of the blade. Since only the outside of the blade is accessible for measurement, the ultrasonic signal has to travel through the entire thickness of the spar cap twice. Ideally the adhesive thickness varies from 5 mm to 10 mm. Based on the thickness of adhesive and thickness of spar cap, 60 samples were fabricated to create a sufficient data set. The thickness of adhesive was controlled by placing the machined cubes (also called spacers) on the corners of laminate. Hence it could be assumed that the adhesive would be as thick as the spacers. But this thickness cannot be guaranteed as the laminate will not be perfectly flat and when the pressure is applied on the laminates for a good joint, there can be variations in the adhesive thickness. This variation is assumed in the samples and measurements made. The sample set is shown in Figure (4 ).
An Olympus EPOCH XT was used as a pulse/receiver and display unit for measurement of bond-line. The pulse-receiver was operated at 100 KHz PRF, and 40DB gain. Individual A-Scans could be stored and retrieved, but the online-display of EPOCH XT can also display the thickness directly with the help of measuring GATES, which made the measurements faster. Together the system was portable and easy to use. 500 KHz and 2.25 MHz contact transducers were used for all experimentation.
RESULTS
Since there are two parameters to be considered here, two sets of experiments were done, and two different conclusions are possible. A third parameter was introduced in the form of ease of measurement, i.e. the ability to differentiate peaks and measure the time of flight difference easily. Although this parameter cannot be measured physically, it depends on the person measuring and the time it takes to obtain data. One has to consider all these parameters to able to make a conclusive decision. The results for all the 60 samples are shown in Table ( 1). It shows that for any given adhesive thickness, if the spar cap thickness is 1.4 mm, the measurement error is ±8%. The measurement error is based on assuming the adhesive thickness to be the same as spacer thickness. Similarly, the measurement error for all laminate thickness can be obtained. Table ( 2) shows the measurement results for any given laminate thickness, i.e. for any given laminate thickness, the measurement error for measuring a 5 mm thick adhesive bond is ±6.19%. Here the adhesive thickness is assumed to be the same as spacer thickness. Since both the thicknesses are high compared to wavelength of the ultrasonic wave, the error bars are similar for both the 500 KHz and 2.25 MHz. The ease of measurement factor is the same for both frequencies.
Further to verify if the assumption of adhesive thickness being the same as spacer thickness, T-Ray was used to measure the bond thickness. T-Ray operates at much higher frequencies, i.e. terahertz (10 12 Hertz), and works by the principles of electromagnetic waves and not ultrasound. This high resolution will help us determine the thickness with a higher precision compared to any other NDE technique. The results of T-Ray investigation are shown in Table ( 3). These results show that an assumed 5 mm thickness can have a variation of ±1.68%. Based on the T-Ray investigation all the previous results of Table (1) and Table ( 2) were corrected and the new confidence levels of the measurement are shown in Table (4) .
DISCUSSIONS & CONCLUSIONS
From the results we can observe that 2.25 MHz works best for all ranges of laminate thickness and adhesive thickness. But the third factor, i.e. ease of measurement determines which frequency can be used for measurements. Although 2.25 MHz has an average of 95% confidence levels for any thickness of adhesive and laminate, it is very difficult to measure at laminate thickness beyond 10.5 mm due to attenuation and damping of the signal. Similarly, the 500 KHz measurements become difficult at laminate thickness below 10.5 mm since the first echo becomes merged in the front wall. Hence an optimum solution would be to have a combined solution, i.e. instead of using one particular frequency both 500 KHz and 2.25 MHz can be used depending on the thickness of the laminate under inspection. If the laminate is less than 10.5 mm thick, one can use the 2.25 MHz to obtain higher confidence levels in measurement, and easier measurements, while if the thickness is greater than 10.5 mm, one can use 500 KHz.
With the help of bond thickness variation along the length of the blade, blade manufactures can optimize the manufacturing process to ensure the correct amount of adhesive is applied between the shells. This method can be extended to a complete scanning system, by using ultrasonic transducers to obtain the adhesive signal in pulse echo mode. The absence of a second signal in time domain denotes the absence of adhesive in the particular region. By performing a C-Scan (spatial location vs. amplitude), we can obtain the spatial locations of the defective regions. In the presence of the second signal, we can use GATES to track the signal and obtain the thickness in the region directly. This system will be field implementable and will be considered for future work.
